Abstract-The two function-specific metallothionein (MT) isoforms characterized from the midgut gland and mantle tissue of Helix pomatia differ substantially in their metal-binding preferences, as well as molecular and biochemical features. These differences make them potential candidates for biomarker studies based on a differential, isoform-specific approach. To prove this hypothesis, induction experiments with two metals (Cd and Cu) that are normally bound by the two isoforms were compared with a range of organic chemicals and physical stressors under laboratory conditions to test the responsiveness of the two isoforms to the stressors applied. In addition, field studies were conducted with Roman snails and substrate samples collected from different metal-contaminated sites in Austria to test the suitability of the two isoforms as biomarkers under field conditions. The results of these combined laboratory and field studies confirmed the validity of the biomarker approach with the two metal-and tissue-specific isoforms. It is demonstrated that the Cd-binding MT specifically and exclusively responds to Cd exposure by increasing concentrations, whereas the Cu-binding MT isoform decreases in its concentration upon exposure to physical stress (X-ray irradiation and cold). This suggests researchers should adopt, under certain preconditions, a dual biomarker approach by combining the simultaneous quantification of Cd-MT concentrations in the midgut gland as a biomarker for Cd pollution and of Cu-MT concentration in the mantle as a biomarker for the impairment of snails by additional physical stressors.
INTRODUCTION
The Roman snail, Helix pomatia (Linnaeus 1758), originally a southeastern European pulmonate species, occurs today in all central European countries. Although this species prefers limestone areas, it can thrive in many different soil habitats, living up to 2,000 m above sea level in the Alpine region [1] . Because of its wide distribution, considerable size, and exceptional ability to accumulate certain metallic trace elements in dependence of environmental levels, H. pomatia has often been used as a biological indicator of metal pollution [2] [3] [4] . In this respect, the Roman snail shares its importance as a bioindicator with other terrestrial helicid pulmonates such as Arianta arbustorum [2, 5] and Cepaea hortensis [6] . In particular, it has been proven that the accumulation and storage of trace elements such as Cd, Zn, and Cu in the soft tissues of these animals are based on the metal-binding capacity of metallothioneins (MTs) [7, 8] . As shown in previous studies [9] [10] [11] , these low molecular weight proteins are expressed in the organs of H. pomatia as two distinct isoforms. One of them, prevailing in the snail's midgut gland, is metal-inducible and preferentially binds and detoxifies Cd 2ϩ [9] . This isoform was tested for its suitability as a biomarker under laboratory conditions in an earlier work [12] . The second MT isoform detected in H. pomatia is predominantly associated with Cu ϩ in the mantle tissue of this species, serving as a molecule * To whom correspondence may be addressed (reinhard.dallinger@uibk.ac.at).
apparently involved in Cu homeostasis and hemocyanin synthesis [10, 11] .
It has been shown that the two MT isoforms differ in their metal-binding preferences, as well as molecular and biochemical features. These differences make them potential candidates for biomarker studies based on a differential, isoform-specific approach [13] . To prove this hypothesis, induction experiments were carried out under laboratory conditions in order to evaluate the isoform-specific response patterns to a range of potential stimuli such as metals, organic chemicals, and physical stressors that might also play a role at polluted sites in the field. Following these laboratory induction tests, field studies were conducted in which Roman snails and substrate samples were collected from control sites and moderately polluted areas in the country of Tyrol (Austria) and from heavily contaminated sites near an old lead smelting complex in Arnoldstein, southern Carinthia (Austria). The results of these combined laboratory and field studies are discussed in view of the validity of this biomarker approach based on the application of two metal-and tissue-specific MT isoforms.
for exposure of snails to a variety of chemical pesticides and physical stressors.
Exposure to metals and organic chemicals
The MT induction tests with metals and exposure experiments with chemicals were carried out under laboratory conditions. Single adult individuals or groups of snails (up to eight specimens per group) of a distinct size class (18-24 g fresh wt, with shell) were selected from laboratory cultures and transferred to plastic boxes (23 ϫ 33 ϫ 14 cm) with perforated lids.
Exposure to metals (Cd, Cu) was performed by feeding six to 10 snails ad libitum on uncontaminated or metal-enriched lettuce (Lactuca sativa) three times per week over a period of 14 d. Metal contamination of the diet was achieved by soaking lettuce leaves for 1 h in respective metal salt solutions (CdCl 2 or CuCl 2 ) made up with distilled water to nominal concentrations of 1 and 5 mg/L for Cd (corresponding to 8.9 and 44.5 M Cd), and of 10, 30, and 50 mg/L for Cu (corresponding to 157.4, 472.0, and 786.8 M Cu), with resulting metal concentrations in the lettuce leaves of 2.4 and 33.2 mol/g dry weight for Cd, and 8.2, 40.0, and 76.5 mol/g dry weight for Cu. Metal concentrations in control lettuce were 0.04 mol/g dry weight for Cd and 0.41 mol/g dry weight for Cu. At the end of the exposure period snails were dissected, removed of midgut gland and mantle tissue, and processed for isoformspecific MT quantification as described below.
Also included in the quantitative relationship between concentrations of Cd and Cd-MT in the snail's midgut gland versus Cd contents of the plant diet were data from different longterm feeding experiments carried out under laboratory conditions between 1995 and 2001; the authors used only data from those individuals that had been exposed to the metal for at least 14 d.
Exposure to paraquat (methyl Viologen, Sigma Chemicals, Perth, Western Australia) [1,1-dimethyl-4-4Ј-bipyridiliumchloride] was carried out because this herbicide is normally known to induce oxidative stress in vertebrates with subsequent induction of MT synthesis [14] . In the present study paraquat administration was achieved by injection of paraquat-containing saline solution into the foot muscle of snails. For this purpose, paraquat was dissolved in snail saline at concentrations of 2.5 and 10.0 mg/ml. Two different paraquat doses were applied by injecting the individuals with variable volumes of paraquat-containing saline (between 100 and 130 l) to obtain two effective doses of 25 and 100 g paraquat/g snail fresh weight (shell-free wt) in six individuals of each of the two treatment groups. These doses were chosen on the basis of our preliminary toxicity experiments in which the median lethal dose of paraquat upon injection to snails was found to be between 10 and 100 g paraquat/g snail fresh weight over a period of 6 d. Injection was performed with a plastic syringe equipped with a Microlance injection needle (0.9 ϫ 40 mm; Becton Dickinson, Franklin Lakes, NJ, USA). Six control animals were injected with paraquat-free saline. Saline solution was prepared by dissolving NaCl, CaCl 2 , and KCl at adequate concentrations to achieve a total saline osmolarity of 170 mosmol, corresponding to the average osmolarity of the snail's hemolymph [15] . After paraquat injection, snails were kept in groups of six animals for each treatment over a period of 14 d, after which animals were dissected and processed for isoform-specific MT quantification as described below.
Methiocarb [3,5-dimethyl-4 -(methylthio)phenyl methylcarbamate] is a molluscicide carbamate that directly affects the viability of terrestrial gastropods [16] . It is commonly used to control terrestrial pulmonates in gardens and fruit orchards that might also be affected by metal pollution. In addition, methiocarb is known to induce cellular stress-responsive systems such as, for example, heat shock proteins [17] . Its potential MT-inducing capacity at sublethal concentrations was, therefore, relevant to this study and was tested by direct administration of the pesticide to Roman snails together with the feed. For this purpose, small pellets of a commercially available methiocarb-containing molluscicide (Mesurol Schneckenkorn, Bayer, Germany) were added to lettuce leaves on which snails were allowed to feed. During a period of 14 d, 15 individuals were fed twice (on days 1 and 7) by administering a total amount of 40 mg Mesurol pellets. At this dosage, the animals apparently suffered from adverse effects (increased mucus production and decreased activity), but did not die. Of the exposure group, only six animals that had consumed the whole amount of Mesurol administered were used for the following MT analysis. During the same period, six control snails were fed lettuce without Mesurol. At the end of the exposure experiment, animals were dissected and the midgut gland and mantle tissue were processed for quantitative MT analysis.
Cold exposure and X-ray irradiation
Cold exposure was performed on animals that had been reared at 18ЊC for several weeks prior to the experiment. Ten Roman snails were transferred to plastic boxes and kept without feeding at 4ЊC over a period of 7 d. All animals were subsequently transferred to 18ЊC for 1 d and then sacrificed for measurement of MT concentrations in midgut gland and mantle tissues. Individuals that had been maintained at 18ЊC throughout the study were used as controls.
For X-ray irradiation, 14 snails from laboratory cultures were individually placed on a Petri dish and exposed to X-ray irradiation in a modified RT 250 Understate generator (220 kV, 15 mA, 1-mm copper filter; C.H.F. Müller, Hamburg, Germany) at room temperature with a dose rate of 4.8 Gy(gray)min Ϫ1 at an irradiation distance of 1 cm. Snails were subjected to an X-ray dose of 30 Gy/individual. Dosimetry was carried out with a PTW-Duplex dosimeter (PTW, Freiburg, Germany) calibrated with a 90 Sr source prior to each exposure experiment. After X-ray irradiation, the snails were further kept under laboratory conditions 7 d as described above. After the end of this period, the animals were dissected. Midgut gland and mantle tissues were frozen at Ϫ80ЊC and processed for quantitative isoform-specific MT determination as described below.
Field sampling
In addition to animals for laboratory induction experiments, Roman snails were also collected from differently contaminated sites in the field. The main part of the field study focused on a heavily contaminated area near an industrial lead/zincsmelter complex situated at the outskirts of Arnoldstein, a small village in southern Carinthia (Austria; Fig. 1 ). The lead/ zinc-smelter industry in Arnoldstein was founded toward the end of the 15th century and was closed in 1991 [3] . During the long period of smelting and metal-producing activities, continuous pollutant emissions and industrial waste discharges have led to a considerable degree of metal contamination in the surrounding areas, with elevated concentrations of Pb, Cu, Zn, and Cd in soils, vegetation, and biota of the respective terrestrial habitats persisting until recently [18] . The sampling points in Arnoldstein (see Fig. 1 ) were the same at which terrestrial arthropods and pulmonates had been collected for metal accumulation studies in an earlier report [3] . The sites were located at distances of 700 (site A), 1,000 (site B), and 250 m (site C) from the smelting works. At each site, eight to 10 individuals of H. pomatia of the same size class (18-24 g) were sampled during June 1998 over an area of about 20 ϫ 20 m. Collected snails were transported to the laboratory, dissected, and processed for MT quantification and metal analysis as described below. Also collected at all three sites was plant material consisting of leaves and stalks of different plant species (Taraxacum sp., Trifolium sp., Leontodon sp., Urtica sp., Brassica sp., Plantago sp., Alyssum sp., Sonchus sp.) on which individuals of H. pomatia were found to thrive and/or feed. All plant parts were pooled to six subsamples per sampling site. In addition, soil substrate was collected from each sampling site by removing 1 to 2 cm of the upper soil layer with a plastic spoon.
Apart from Arnoldstein, additional samples (snails, soil, and plant material) were collected at two different sites in the vicinity of Innsbruck, Tyrol (Austria). One of them served as an uncontaminated reference site and was situated in a fish farming area near the village of Thaur, which is a few kilometers east of Innsbruck. A second site was located near a busy motorway in the village of Matrei, about 20 km south of Innsbruck (see Fig. 1 ). Roman snails (six-eight individuals) were collected from these sites. Snails were transported to the laboratory and processed for MT quantification and metal analysis as described below. In addition to snails, soil substrate and plant material (Taraxacum sp., Trifolium sp., Leontodon sp., Brassica sp.) were also collected at these sites.
Also included in the present study were data from earlier collections at different sites in the country of Tyrol, where Roman snails and substrate samples (only plant material) had been taken during 1995 and 1997. These snails were collected in the same season and had the same average body size compared with the individuals of the present study. In addition, Cd and Cd-MT concentration data from different laboratory exposure studies carried out between 1995 and 2001 were also considered. All of these data were only used, however, for establishing quantitative relationships between Cd and Cd-MT concentrations in the snail midgut gland versus Cd contents in plant material.
Isoform-specific MT quantification via metal saturation
Quantification of Cd-MT (in midgut gland) and Cu-MT (in mantle tissue) of Roman snails was performed with two isoform-specific saturation assays (the Cd-Chelex Assay [BioRad, Hercules, CA, USA] for Cd-MT and the ammonium tetrathiomolybdate [TTM] assay for Cu-MT) following the protocol described in the first part of this work [13] . Briefly, midgut gland and mantle tissue pieces (1-2 g fresh wt) of each inIsoform-specific metallothionein quantification. II.
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Metal analyses
Snail tissue aliquots of midgut gland and mantle for Cd and Cu analyses were dried at 60ЊC for several days until complete dryness was achieved. Samples (150-300 mg dry wt) were digested with 2 to 3 ml of a mixture of nitric acid (Suprapure, Merck, Darmstadt, Germany) and distilled water (1:1) in screw-capped polypropylene tubes (Greiner) on a heated aluminum block at 70ЊC until the remaining solution was clear. After the addition of a few drops of H 2 O 2 , samples were diluted with distilled water to a final volume of 10 ml.
Field-collected plant samples were dried at 60ЊC, powdered with a porcelain mortar, and mixed and gently homogenized. Aliquots of lettuce leaves used for laboratory exposure experiments were also dried at 60ЊC. Samples of 100 to 300 mg (dry wt) of homogenized plant powder or dried lettuce were transferred to screw-cap polypropylene tubes (Greiner) and predigested for 24 h at room temperature with 2 to 3 ml of nitric acid (Suprapure) and distilled water (1:1). Predigested samples were subsequently placed on the turntable of a microwave oven (Model MLS 1200, Mikrowellen-Labor-Systeme, Leutkirch im Allgäu, Germany) and wet-digested at 250 W for 20 min. This procedure was repeated, if necessary, until the remaining solution was clear. All digested samples were diluted with distilled water to a final volume of 10 ml.
Soil samples were oven-dried at 60ЊC and sieved through a plastic net (1-mm mesh width). Three hundred to 500 mg of sieved soil samples were transferred to 15-ml glass tubes and extracted with 2 to 3 ml of nitric acid (Suprapure) at room temperature for several days, and subsequently heated on an aluminum block to 70ЊC for 1 d. During the extraction procedure the tubes were shaken several times per day. At the end of extraction, the supernatant nitric acid was filtered and rinsed through glass fiber, sampled in screw-cap polypropylene tubes (Greiner), and diluted to 10 ml with distilled water.
Metal analyses (Cd and Cu) were carried out by flame atomic absorption spectrophotometry (Perkin-Elmer, Boston, MA, USA) with deuterium background correction. Diluted titrisol standard solutions (Merck) were used for instrument calibration. Aliquots of lobster hepatopancreas (TORT 1, National Research Council, Canada) and river sediment reference material 320 (European Community Bureau of Reference), as well as blanks, were treated the same way as the samples. Metal concentrations of the standard reference materials were found to match the certified values, with deviations of less than 15% from the expected means.
The Cd determination in MT saturation assays was carried out after digestion of samples overnight at 70ЊC with 1 ml of nitric acid (Suprapure). The Cd concentrations were measured on a flame atomic absorption spectrophotometer (Perkin-Elmer) with deuterium background correction or on a graphite furnace instrument with Zeeman background correction (Hitachi Europe, Maidenhead, Berks, UK, Z-8200), in the latter case with Pd(NO 3 ) 2 as a matrix modifier.
Statistical analyses
For statistical analyses, the software packages Statistica version 6.0 (Stat Soft, Tulsa, OK, USA) and SigmaStat version 2.0 (Jandel, San Rafael, CA, USA) were used. Paired testing of differences in Cd-MT and Cu-MT concentrations between control animals and treatment groups exposed to different metals, chemicals, and stressors was accomplished by means of the Student's t test. Field data of metal, Cd-MT, and Cu-MT concentrations in midgut gland and mantle tissue, as well as substrate (soil/plant) metal concentrations, were analyzed by one-way ANOVA or Kruskal Wallis one-way ANOVA on ranks, followed by an all-paired multiple comparison test (Student-Newman-Keuls method). Relationships between Cd and Cd-MT in midgut gland tissue, as well as between Cd in the substrate and Cd-MT in the midgut gland, were evaluated by regression analysis.
RESULTS

Isoform-specific response patterns to MT-inducing and noninducing stressors
The impact of metals, chemicals, and selected physical stressors on the status of the two MT isoforms in midgut gland and mantle tissue of Roman snails is shown in Figure 2 . The Cd-MT isoform of the snail's midgut gland ( Fig. 2A) appears to specifically and exclusively react to Cd exposure, and Cu, chemicals, and physical stressors did not influence the concentration status of this isoform at all.
On the other hand, the Cu-MT isoform concentration in the mantle tissue of H. pomatia (Fig. 2B) did not change after metal exposure, neither by Cd nor by Cu at increasing concentrations. The concentration of this isoform also remained unaffected by exposure to pesticides. Only after exposure to paraquat did the concentration of Cu-MT exhibit a slightly decreasing tendency, but this was not statistically significant. It appeared, however, that the Cu-MT isoform reacted to certain kinds of physical stressors, as exemplified in the present study, by X-ray irradiation and cold exposure. In both cases the concentration of the isoform decreased significantly.
Isoform-specific potential of Cd-MT and Cu-MT as biomarkers in the field
As shown in Figure 3 , there is a clear pattern of increasing Cd and Cd-MT concentrations in snail midgut gland tissues (Fig. 3A) , with increasing Cd concentrations in the substrate (soil or plant) from the respective sampling sites in the country of Tyrol (Austria) and the village of Arnoldstein (Fig. 3B) . In many cases, the significant differences (p Յ 0.05) among Cd substrate concentrations (soil/plant) from the different treatments and sites (Fig. 3B) are reflected by significant differences in midgut gland Cd and Cd-MT concentrations of snails from the respective groups and collecting sites (Fig. 3A) . These results are in accordance with the induction studies obtained under laboratory conditions and demonstrate that both increasing Cd and Cd-MT isoform concentrations in midgut gland tissue of H. pomatia may serve as excellent biomarkers for rising Cd levels in the habitats in which this species thrives.
In contrast to this, there is apparently no effect of increasing Cd or Cu concentrations in the substrate (soil or plant; see Fig.  3B and D) on Cu or Cu-MT concentrations in the mantle tissue of H. pomatia (Fig. 3C ) from any treatment group or collecting site. The results from the field study are also in agreement with laboratory induction experiments. This means that in con- trast to Cd-MT, the Cu-MT isoform cannot be used as a biomarker for Cd pollution levels in the field. Regression analysis shows a clear relationship between Cd and Cd-MT concentrations in the midgut gland of H. pomatia (Fig. 4A) , indicating that the level of the Cd-MT isoform in this organ is directly related to the amount of Cd accumulated by the animal. As shown by white symbols in the plot, the values obtained for Cd and Cd-MT levels in the midgut gland of field-collected H. pomatia are, on an average scale, always lower compared with values obtained after high Cd exposure in the laboratory (black symbols). The concentration of midgut gland Cd-MT is also directly related to the Cd concentration of the substrate (plant material) on which the snails were feeding in the laboratory and upon collection (Fig. 4B) , suggesting that the Cd-MT increase in Cd-exposed snails reflects the metal contamination of the surrounding environment. As already demonstrated above (Fig. 4A) , the concentrations of substrate Cd and of Cd-MT achieved in snails (black symbols) were generally also higher under laboratory conditions compared with the respective levels (white symbols) normally encountered in the field (Fig. 4B) .
DISCUSSION
Evaluating the isoform-specific reaction patterns for biomarker purposes
The first article of this series [13] documented that the two function-specific isoforms in the hepatopancreas and mantle of snails respond with different induction patterns to the metals in which they normally bind. The present study compares the isoform-specific induction capacity of the two metals of concern (Cd and Cu) with different pesticides and stressors that are normally considered also to be potential inducers of MT or cellular stress-response proteins (Fig. 2) . Any interference of these stressors with MT induction may diminish the biomarker strength of the MT approach. Thus, the knowledge of degree of specificity of the MT response is an important precondition for the adequate use of this parameter in biomonitoring programs. In vertebrates, for example, more than 50 different substances including metals, hormones, growth factors, cytokines, vitamins, antibiotic compounds, and cytotoxins have been known as inducers of MT synthesis. In addition to chemical agents, several physical stressors such as ultraviolet and X-ray irradiation, starvation, infections, inflammatory processes, hyperoxia, and other physical factors can also induce MT synthesis [19] . It seems that in invertebrate organisms and especially in mollusks, the range of MT-inducing agents and stressors is considerably reduced compared with the situation in vertebrates. This is not only indicated by the results of the present study, but also by several reports from the literature on other terrestrial gastropods [20] , mainly marine and freshwater mollusks [21] [22] [23] [24] . Most of these studies suggest that expression and concentration changes of mollusk MTs are predominantly governed by the influence of soft metal ions such as Cd [6, 23] and, in some instances, Cu and Zn [21, 25] .
In the present study, the Cd-binding MT isoform from the midgut gland of H. pomatia was exclusively induced by Cd but not by Cu or any of the pesticides and stressors adopted. Even exposure of snails to paraquat, a chemical known to cause oxidative stress, or to X-ray irradiation did not affect the concentration status of this protein in the midgut gland (see Fig.  2A ). As shown elsewhere, Cd exposure leads to a rise of the Cd-MT mRNA level, with subsequent rapid increase of Cd-MT concentration in the midgut gland [13, 26] . Even the essential trace metal Zn appears not to induce the Cd-MT isoform in this organ, but rather gives rise to the formation of a lowmolecular mass, Zn-binding ligand [27] . It is so far not clear if and by how much other nonessential trace elements such as Ag or Hg can act as inducers of the Cd-MT isoform from H. pomatia. It is speculated that the high responsiveness of the Cd-MT isoform from H. pomatia and related species to Cd may be linked to the structure of the gene of this protein, which probably possesses Cd-responsive metal-regulatory elements. Investigations to confirm or disprove this hypothesis are currently in progress.
In contrast to the Cd-MT level in the midgut gland, Cu-MT concentrations in the mantle remained unaffected by any of the two metals and chemical compounds applied, even if they were administered to the snails with rising concentrations. The fact that the synthesis of the Cu-MT isoform cannot be induced by metal exposure has already been suggested in the first part of this study [13] and may be a consequence of the exceptional metal-and function-related specialization that this isoform has attained in terrestrial pulmonates during evolution [20] . Its association with Cu and exclusive occurrence in rhogocytes [26] strongly suggests a crucial role of this isoform in Cu regulation in connection with hemocyanin synthesis. Hence, it becomes understandable that its concentration does not change following the administration of varying concentrations of Cu to snails. Interestingly, however, there was a significant decrease of Cu-MT concentrations upon exposure of Roman snails to X-ray irradiation and cold. In fact, X-rays with a dose of up to 30 Gy/individual (i.e., ϳ1.5 Gy/g fresh wt) probably represent an extremely high impairment to the animal, considering that in vertebrates X-ray doses of 1 Gy/ individual may already be fatal [28] . On the other hand, exposure of active, summer-acclimatized snails to a temperature shock of 4ЊC over 14 d may also severely impair the animals. Therefore, it must be assumed that in both cases the snail organism must struggle with considerable physiological disorders. The decrease of Cu-MT concentrations may be a consequence of such disorders, although the mechanisms behind these changes are far from being understood. It cannot be excluded, for example, that the observed decrease of Cu-MT concentration is the consequence of a general depression of protein synthesis due to the stressors applied. In the case of X-ray exposure, a mechanism may also be suggested in connection with the potential role of MT as a radical scavenger. It has been reported, for example, that MT molecules are consumed in the process of radical detoxification, and hence their concentration must diminish [29] . This may be consistent with the observation in the present study that the exposure to paraquat, a chemical giving rise to radical generation, also caused a decrease of the Cu-MT concentration, although this decrease was not significant (see Fig. 2B ). On the other hand, there are several observations indicating that oxidative stress leads to an induction of MT synthesis, with rising MT concentrations in the tissues [14] , also after X-ray irradiation [19] . In the marine mollusk Mytilus galloprovincialis, for example, ex-R. Dallinger et al. posure of animals to reactive oxygen species causes an induction of MT. Since this study has not been performed on an isoform-specific basis, however, it is unknown which MT isoform is affected. Moreover, the effect on the MT concentration in M. galloprovincialis seems to be of a transient nature [30] . It must be elucidated, furthermore, why X-ray irradiation in H. pomatia leads to a decrease of Cu-MT levels in the mantle but does not affect concentrations of Cd-MT in the midgut gland. It is speculated that this differential impact of X-rays on the two MT isoforms may be related to the metal species bound by the two peptides. In fact, the association of Cu-MT with Cu ϩ confers to this isoform a higher degree of susceptibility to oxidative conditions [13] , and possibly also a higher susceptibility toward attack by radical oxidative species, compared with the more stable Cd-MT.
Validity of the MT isoform biomarker approach under field conditions
In summary, the data derived from the field biomarker approach in the present study demonstrate that the sampling sites chosen around the metal-smelting works in Arnoldstein are heavily polluted with Cd and, to a lesser degree, also with Cu. This is documented by comparing the values for Cd and Cd-MT in snails from Arnoldstein sites with those from controls and from an unpolluted reference site near the village of Thaur in the country of Tyrol (Austria; Fig. 3 ). Thus the present study confirms the results of previous investigations showing that metal concentrations in soil compartments and biota near Arnoldstein are highly elevated above environmental background levels [3, 18] .
Moreover, the results of the present study with H. pomatia, as well as the conclusions from earlier investigations with this species and with the garden snail C. hortensis [6, 12] , suggest that the Cd-binding MT isoform from the midgut gland of these pulmonate species is an excellent biomarker for Cd contamination of the soil environment from which snails are collected. The mechanistic background behind this observation is explained by the fact that environmental Cd concentrations in the soil or plant material on which snails thrive are directly reflected by the levels of Cd accumulating in the midgut gland, which, in turn, gives rise to a proportional concentration increase of the inducible Cd-binding MT isoform (see Fig. 4 ). This relationship is very strong and may mask confounding effects deriving from exposure to Cu and some pesticides, as well as certain physical stressors. The validity of this hypothesis, also under field conditions, is proven by the results in Figure 3A and B, showing that the strong proportionality between Cd-MT levels and Cd substrate contamination (soil or plant matter) can even be adopted to distinguish between differing pollution levels among collecting sites around Arnoldstein. If all available data on Cd-MT and Cd concentrations in the midgut gland of H. pomatia are plotted against Cd concentrations of plant matter on which animals were feeding in the laboratory or in the field, a highly significant semilogarithmic regression line can be derived (Fig. 4B) , which further confirms the results obtained from the field study. Interestingly, the strong relationship between tissue Cd-MT and environmental Cd concentrations also holds if Cd concentrations of the substrate are referred to the soil matter (compare Fig. 3A and B). Similar results have been obtained in an earlier investigation with the pulmonate snail C. hortensis from heavily contaminated sites in Avonmouth (UK) [6] . One of the reasons for this may be that terrestrial snails are able to directly ingest, by means of their rasp-like radula structure, soil particles, which may thus significantly contribute to the metal balance of these organisms [31] . It might be significant to mention a recent study in which the authors have proven by isotopic dilution experiments that tightly bound Cd fractions in the soil are apparently more accessible to pulmonate snails than has been assumed so far [32] . In summary, the present study and earlier investigations have proven that the value of the Cd-MT isoform from the midgut gland of terrestrial pulmonates as a biomarker is based on several advantages. These advantages include rapid protein inducibility, strong correlation of its concentration in the midgut gland with environmental Cd Isoform-specific metallothionein quantification. II.
Environ. Toxicol. Chem. 23, 2004 909 levels, persistence of the biomarker response over prolonged periods of time, and distinct Cd responsiveness [6, 20] . As expected from the results of laboratory exposure experiments, the quantification of the Cu-MT isoform in the mantle of field-collected snails failed to exhibit a correlation with environmental Cd or Cu levels measured in plant and soil samples from the respective field sites (see Fig. 3C and D) , although the high metal levels of plant and soil substrate samples from Arnoldstein suggested a considerable degree of metal contamination at some of these sites. Therefore, the Cu-MT isoform from terrestrial pulmonates is not an adequate measure for environmental metal contamination. Its value as a biomarker is based, however, on another feature that appears from results shown in Figure 2B , with a clear dependence of Cu-MT concentrations in the mantle on physical stressors such as X-ray irradiation and low temperature shock. Hence, it is suggested that the Cu-MT isoform might be used, in addition to the Cd-MT isoform, as a biomarker for certain kinds of physiological stress from which the snail organism may suffer upon exposure to extreme environmental conditions not directly related to chemical pollution.
Most of the biomarker studies carried out with freshwater and marine mollusks suggest that in spite of the supposed metal-specific reaction patterns of the MT isoforms involved, additional biological and environmental confounding factors [33] may influence or modulate the level of MT concentrations under field conditions. Among these factors are, for example, intrinsic biological features such as animal size, growth rate, or condition index [23, 34, 35] , as well as the physiological or reproductive state of the species involved [36, 37] . In addition, extrinsic factors such as climatic and seasonal fluctuations, temperature, salinity, and limnological conditions may also influence the MT concentration [38] [39] [40] , at least in aquatic and marine mollusk species. For the terrestrial pulmonate H. pomatia, some of these factors are not relevant, but others, such as animal size or season, may be important. With this suspicion in mind, care was taken in the present study to only use animals of the same size class, and, for field-collected snails, to restrict sampling to a few days in the early summer period.
Combined quantification of Cd-MT and Cu-MT: A dual biomarker system
It cannot be excluded that under real conditions in the field, H. pomatia and related snail species such as C. hortensis may be exposed to a mixture of metals and chemical compounds and, at the same time, may also suffer from extreme physical impairment. Under such circumstances, the coincidence of these adverse factors may all the more endanger the survival of these pulmonate snails at critical sites.
It is therefore suggested that, depending on the objectives of the study to be carried out, both MT isoforms from H. pomatia could be adopted as biomarkers in a combined quantification approach, with increasing Cd-MT concentrations in the midgut gland pointing to environmental Cd pollution, and decreasing Cu-MT levels in the mantle indicating strong impairment due to physical stressors. The first part of this study [13] has provided the theoretical and methodical background for such a combined approach, whereas the present study has demonstrated its feasibility.
